ABSTRACT
INTRODUCTION
In the last decade, the development of organic electronics has become a widely researched field as their production involves simple, relatively low cost procedures [1] . Moreover, organic electronics can be deposited on flexible substrates such as plastics. Recently, organic electronics have been found to be complementary to conventional electronics [2] . Among organic materials, porphyrins and metalloporphyrins have been widely exploited owing to their interesting properties [3] .
The arrangement of molecules on a solid surface is considered to be a key factor in the realization of a molecular device's architecture. Moreover, nanometer size small molecules have become the focus of surface science studies [4] . Recently porphyrins have more interest to be examined after known that size of the molecules in nanometer orde [5] [6] [7] [8] . Porphyrin supramolecular structures can be formed on metal substrate surfaces as a result of metal-porphyrin and porphyrin-porphyrin interactions [9] . As such, individual molecules can be considered as single nanometer devices [10] [11] [12] . There have been several fascinating studies of coupling between the porphyrin molecules and the thin layers of substrates [13] [14] [15] [16] [17] . Magnetic characteristics and the effect of external magnetic fields on molecules metalloporphyrin have been studied [18] [19] [20] .Charge carrier mobility under the influence of a magnetic field in Hall effect configuration on porphyrin-based materials has also been observed [21] [22] [23] [24] [25] [26] [27] .For the detection of neurotransmitters, graphite electrodes coated by electropolymerized porphyrins have been studied since1997 [6] . Fabrication of the solid state sensor by porphyrin derivatives on glass substrates for optochemical sensing of HCl gas has also been reported in 2012 [28] .
A formation of nanometer orde (10-500 nm) discrete material is a key issue for a various application technology in the future [29] . A discrete surface morphology of zinc porphyrin has been reported that can be controlled by varying the concentration as well as deposition parameters [30] . However, as far as we know, there is still very limited number of papers dealing with the parameters deposition dependence of surface morphology for porphyrin-based materials, especially Fe(III)-porphyrin. Therefore, in this work, we studied the changes in surface morphology of Fe-porphyrin thin layers as a result of the interactions between the molecules and the substrate surface. The Fe-porphyrin thin layers were assembled by spin coating at room temperature using indium-tin-oxide (ITO) coated glass substrates. The surface morphology of the Fe-porphyrin thin layers were modified by variations in the rotational speed and concentration. These changes were then characterized using atomic force microscopy (AFM).This AFM technique has been selected in this study because it is a nondestructive analytical method, requires only a very small of samples and gives valuable information about the characteristics of the materials including two and three dimension profiles, layer thickness, crosssection and distribution of islands or spot.
EXPERIMENTAL SECTION Materials
Fe(III) mesoporphyrin IX chloride powder (100 mg) were purchased from Frontier Scientific-USA (FeM658) and used as a thin layer without further purification. Chloroform (10 mL) were purchased from Merck and used as a solvent. ITO-coated glass substrates (Aldrich-578 274) were purchased from Aldrich (Germany).
Instrumentation
Instruments used in this study consist of a magnetic stirrer, spin coater (Chemat Technology KW-4A), hot plate (IKA ® C.MAG) and Atomic Force Microscopy (AFM) Park System XE-7.
Procedure
The experiments were carried out in the following three steps: (i) preparation of the Fe(III)-porphyrin solution, (ii) deposition of the Fe(III)-porphyrin thin layer by spin coating, and (iii) characterization of the surface morphology of the Fe(III)-porphyrin film using AFM.
Preparation of Fe-porphyrin solution
Fe(III)-porphyrin powder (100 mg, Frontier Scientific-FeM658) was dissolved in chloroform (10 mL, Merck) and stirred with a magnetic stirrer for 60 min at a rotational speed of 200 rpm (solution A). To modify the concentration of the solution, 1 mL of this solution was taken and then added with chloroform until the diluted total final volume of 10 mL (solution B). Solution B was used as the basic solution for the deposition of Fe-porphyrin. The resulting layers prepared using solutions A and B are called 'sample A' and 'sample B', respectively.
Deposition of Fe-porphyrin layers
The growth of the Fe(III)-porphyrin thin layers was accomplished using a spin coater (Chemat Technology KW-4A) with ITO-coated glass substrates (Aldrich-578 274). Before use, the substrates were washed in an ultrasonic cleaner using both alcohol and acetone. The samples were deposited for 20 sec followed by post-heating at 40°C for 60 sec. This procedure was repeated to obtain three layers. The samples were deposited with two different rotational speeds, i.e. 500 and 1000 rpm to modify the surface morphology. Fe(III)-porphyrin solutions with two different concentrations i.e. 0.153 M (solution A) and 0.00153 M (solution B).were also used to modify the surface morphology.
Characterization of Fe-porphyrin films
Surface morphology of the samples was observed using Atomic Force Microscopy (AFM) Park System XE 7. For the whole experiment was used noncontact tips with scan area 5 μm × 5 μm and scanning frequency are 1kHz at room temperature. Hereafter the obtained data were analyzed by using WSxM 5.0 software [31] . Fig. 1 (a) and (b) show the two-dimensional (2D) profiles and the islands size distribution graphs of the surface morphology of Fe(III)-porphyrin thin layers (sample B) on ITO-coated glass substrates with rotational speeds of 500 and 1000 rpm, respectively. In the figure, the observed bright yellow dots were assumed to be Fe(III)-porphyrin deposited on the ITOcoated glass substrates. From this, it could be seen that the number of islands deposited is dependent on the rotational speed of the spin coater. It was found that more discrete islands molecules were deposited at This phenomenon was shown more clearly in the graph of discrete islands size distribution, which resembles a Gaussian distribution for both rotational speeds but with different median size ( Fig. 1 c and d) . In sample B with a rotational speed of 500 rpm, the island size distribution (of the value measured topographically) widened to 20 nm, with a median size of 7.5 nm being the most abundant. In sample B, with a rotational speed of 1000 rpm, the size distribution was up to 15 nm, with 5 nm being the most abundant. Moreover, at 1000 rpm, the distribution curve was much sharper. This fact indicates that the increase in the rotational speed of the spin coater resulted in a centripetal force that compensated for the interaction of Fe(III)-porphyrin molecules with the substrate. This result showed the deposition of fewer molecules on the substrate and thinner layers. Fig. 2 (a) and (b) show the three-dimensional (3D) surface morphology of Fe-porphyrin thin layers (sample B) on ITO-coated glass substrates with rotational speeds of 500 and 1000 rpm, respectively. If the baseline can be considered as a layer without the deposition of a molecule of Fe(III)-porphyrin, e.g. ITO-coated glass substrate surface, it can be seen that the distribution of Fe-porphyrin islands populations are spread over the surface to a certain thickness. If it is deposited in a straight line lengthwise, i.e. along the x-axis, on the surface of the sample, a surface profile would be obtained, such as those shown in Fig. 2 (c) and (d) . From this profile, the thickness was approximately 13 nm (= 15 nm of highest peak −2nm of baseline) for the rotational speed of 500 rpm and 8 nm (= 10−2) for 1000 rpm. Therefore, the results confirmed that the number of Fe(III)-porphyrin islands deposited decreases with the increasing of rotational speed. Fig. 3 (a) and (b) show the 2D AFM images and topography of the surface morphology of Fe-porphyrin thin layers on ITO-coated glass substrates with a rotational speed of 500 rpm for samples A and B. It can be seen that the amount of Fe-(III)-porphyrin islands deposited on ITO-coated glass substrates increased with increasing concentration of the solution. At higher solution concentration (sample A), more Fe(III)-porphyrin materials are deposited, which are shown in Fig. 3 (b) (sample A) , where the Fe(III)-porphyrin islands cover almost the entire surface of the substrate. This result is in contrast to sample B, where the porphyrin molecules do not cover the entire surface of the substrate.
RESULT AND DISCUSSION
The topographical charts clearly shows that the lateral dimension of Fe(III)-porphyrin islands forming the layers that follows a Gaussian distribution with similar shape for both samples A and B. For layers obtained from a low concentration solution of 0.00153 M (sample B), the distribution of island size extended to 20 nm (lateral dimension), with 7.5 nm being the most abundant. For layers obtained from a higher concentration solution of 0.153 M (sample A), the shape of the layer is quite similar to that of lower concentration but the lateral dimension of the Islands shifts to the higher value of 45 nm, with 22 nm being the most abundant. This finding confirms that higher concentration of Fe(III)-porphyrin leads to higher numbers of materials being deposited on the substrate surface, resulting in the increase in the number of islands with the larger size. Fig. 4 shows the morphology of the surface of the Fe(III)-porphyrin thin layers through AFM scans and the 3D appearance of spin coating at 500 rpm using concentrations of (a) 0.00153 M and (b) 0.153 M. The samples produced more adjacent peaks, providing a flatter surface profile, as shown in Fig. 4 (c) and (d) . When the height of a single island, which presented by roughness profile was considered as thickness, it is observed that the thickness of samples A and B were estimated to be 25 and 13 nm, respectively. This result confirms that an increase in solution concentration increases the number of islands, which in turn increases both the population of Fe-porphyrin deposited on the substrate surface and the thickness of the layer. In addition, the profile becomes more crowded because the distance between the two islands is very close to each other.
CONCLUSION
We have used AFM to analyze the surface morphology of Fe(III)-porphyrin thin layers which were grown on ITO-coated glass substrates through spin coating at room temperature. Observation of the morphology indicates that a higher number of molecules were deposited on the surface of the substrate at a lower rotational speed. It is also shown that with increasing concentrations of Fe(III)-porphyrin solutions, a higher number of molecules are deposited on the substrate surface. The lateral dimensions of the island size distribution of the Fe(III)-porphyrin thin layers shows a Gaussian distribution with a sharper curve at high rotational speed and shift to the higher lateral dimension at larger concentration.
